ABSTRACT We developed a new technique of "ice mapping" to localize the site of termination of ventricular tachycardia in dogs 4 to 8 days after the onset of myocardial infarction. During programmed stimulation-induced ventricular tachycardia, the epicardium was mapped by moving an ice probe with a 1 cm tip over the infarct, lateral border, and normal areas. In 31 of 46 morphologically distinct sustained ventricular tachycardias, a specific area could be found that reproducibly terminated ventricular tachycardia. During ventricular tachycardia, bridging or late diastolic electrical activity was recorded from ice termination sites. In vitro microelectrode studies of 10 ice termination sites revealed slow conduction, but no spontaneous or triggered automaticity or delayed afterdepolarizations. Con 
TtlE SPEED OF CONDUCTION through cardiac tissue and the rate of firing of automatic foci are highly temperature dependent. Curtis and Travis' found a direct negative linear relationship between conduction time and temperature in specialized conduction tissue in dogs. Coraboeuf and Weidmann2 found that the rate of phase 4 depolarization in Purkinje fibers is markedly slowed by cooling. We reasoned that local cooling of a small area of myocardium might terminate reentrant sustained ventricular tachycardia by slowing or blocking conduction if cooling was precisely located over the reentry loop responsible for maintenance of the arrhythmia. Alternatively, local cooling might slow or terminate automatic ventricular tachycardia if cooling was precisely applied to the abnormal automatic focus. This formulation was used to develop a new method of "ice mapping" to rapidly localize the site of maintenance of sustained ventricular tachycardia in dogs 1 week after onset of myocardial infarction. The results of ice mapping were correlated with those of in vivo electrogram mapping studies and with in vitro microelectrode data from ice termination myocardial zones.
Methods
Animal model of sustained ventricular tachycardia. Mon 10 mg/kg iv lidocaine by repeated 1 mg/kg boluses and programmed stimulation was repeated; lidocaine has been shown to increase the inducibility of sustained ventricular tachycardia in dogs 1 week after the onset of myocardial infarction.6 Ventricular tachycardia was considered "sustained" if it was longer than 100 beats in duration. Ventricular tachycardia was considered "reproducible" or "the same" if it could be induced by programmed stimulation at least three times, with each run of ventricular tachycardia having the same rate and QRS morphology.
Technique of ice mapping. Ice probes (00 C) were made by freezing water in cylindrical tubes with 1 cm diameter tips. During programmed stimulation-induced ventricular tachycardia, ice mapping was begun after the duration of ventricular tachycardia exceeded 100 beats. The ice probe was moved over the exposed epicardial surface of the heart. The mapping strategy was first to move the ice probe circumferentially over the visible epicardial infarct borders, then circumferentially with decreasing radius over the central epicardial infarct, and then circumferentially with increasing radius over the accessible normal inferoapical and anterolateral epicardium (figure 1). During the first 33 induced ventricular tachycardias, the ice probe was continuously applied to the epicardium and moved at a steady rate of 1 to 2 mm/sec. During the last 13 ventricular tachycardias, the ice probe was moved in discrete adjacent increments and was held over each epicardial area for 10 sec. Parts of the right ventricle, posterobasal, and lateral left ventricular epicardium were not ice mapped. If ventricular tachycardia terminated, the location of the ice probe at the time of termination was noted and called an "ice termination site." Ventricular tachycardia with the same rate and QRS morphology was induced a second time with immediate cooling of the now-identified ice termination site after the duration of the arrhythmia exceeded 100 beats. The time from onset of local cooling of a previously identified ice termination site to ventricular tachycardia termination was called the "ice termination time." The same ventricular tachycardia was reinduced three or more times in order to perform electrogram mapping (see below) and to determine the natural length of the arrhythmia. On completion of electrogram mapping, ice mapping of the epicardial infarct surface and its borders 2 cm from the ice termination site was performed to ( A pacemaker (pace) and microelectrodes (ME 1, 2, and 3) were positioned as shown. The ice termination sites were always located near the visible epicardial infarction border, shown diagramatically as the transition from the visibly normal myocardium zone (clear area) to the visibly infarcted zone (stippled area). Conduction time in the normal zone was measured as the time of activation from the pacemaker to ME 1, conduction time in the border zone of the ice termination site was measured from the pacemaker to ME 2, and conduction time in the ice termination site was measured from ME 2 to 3. 1cm previously described.8 Conduction times were determined in the normal epicardial zone, in the ice termination site, and in the border zone of the ice termination site (called hereafter the "border zone"). The experimental setup used to determine conduction times is shown in figure 2 . A bipolar silver wire pacemaker electrode was placed in the visibly normal muscle zone. A microelectrode (ME 1) was placed 1 cm from the pacemaker in the normal muscle zone. Conduction time in the normal zone was measured as the time it took activation to proceed from the pacemaker to ME 1 during pacing at a drive cycle length of 600 msec at 370 C. Two microelectrodes were then placed 1 cm from the pacemaker electrode in the border zone (ME 2) and 1 cm within the ice termination site (ME 3), as shown in figure 2 . Conduction time in the border zone was measured as the time it took activation to proceed from the pacemaker to ME 2. 
test).
Results of ice mapping studies. In 31 of 46 ventricular tachycardias, a specific ice termination site was found at which local cooling reproducibly terminated the arrhythmia at least three times. The ice termination sites measured 1 to 2 x 1 to 2 cm and were located on the visible epicardial infarction borders in all 31 instances. Ice termination sites were generally specific for each morphologically distinct ventricular tachycardia. Local cooling of other border areas, central infarct areas, or normal epicardium 2 cm from the ice termination sites did not reproducibly terminate any ventricular tachycardia. There were nine dogs with two morphologically distinct sustained and reproducible ventricular tachycardias that could be terminated by local epicardial cooling. In seven of nine dogs, each ventricular tachycardia had its own ice termination site and the two sites were separated by more than 2 cm. There was overlap of the ice termination sites in the other two dogs. In the last consecutive 13 ventricular tachycardias, the natural length of the arrhythmia was determined and found to be 622 ± 88.6 sec (mean ± SEM). For the same 13 ventricular tachycardias ice termination sites were found by ice mapping in 134 + 20.7 sec (mean + SEM). On reinduction of the same 13 ventricular tachycardias, immediate cooling of the previously identified ice termination sites terminated the arrhythmia in 7.7 ± 0.88 sec (mean ± SEM). Thus, local epicardial cooling significantly shortened the natural length of these 13 figure 5 could be terminated only by cooling, whereas the arrhythmia in figure 6 could be terminated by either pressure or cooling. Results of termination with pressure are shown in figure 6 . As in figures 4, 5, and 6, the patterns of diastolic electrical activity recorded during ventricular tachycardia were always repeated and reproducible. Local bipolar mapping of the central epicardial infarct and its visible borders was also performed with a roving bipolar electrode during ventricular tachycardia. All ice termina- tion areas showing diastolic electrical activity as reepicardial cooling. The correlation of bridging or late corded by the composite electrode during ventricular diastolic epicardial electrical activity with the ability to tachycardia also showed discrete local middle-to-late terminate ventricular tachycardia by local epicardial diastolic local electrograms when recorded by the cooling is shown in figure 8 figure 5 , which was induced in the same dog. rized in figure 9 . Cooling of normal and transmurally infarcted myocardium was performed with an ice probe with a 1 cm diameter tip held for 10 sec on the epicardium over a thermistor implanted at variable depths from epicardium to subendocardium. The normal zone epicardium at a depth of 0 mm was cooled by -18 + 3.1°C(mean ± SEM)comparedwith -17.5 ± 2.10 C in infarcted muscle; in the subepicardium at a depth of 2 to 3 mm normal muscle was cooled by -4.2 + 2.30 vs -3.3 + 1.9°C in infarcted muscle; in the midmyocardium at a depth of 5 to 7 mm normal muscle was cooled -1.3 + 1.30 vs -1.1 + 0.50C in infarcted muscle; and in the subendocardium at depths of 10 to 11 mm normal muscle cooled -0.2 ± 0.40 vs -0.6 + 0.60 C in infarcted muscle. There was no statistically significant difference in the degree of cooling of normal vs infarcted myocardium at any depth.
Results of microelectrode studies. The results of the microelectrode studies are presented in table 1. The action potential amplitudes of cells in the border zones and ice termination sites were significantly reduced compared with in the normal zone. Compared with in the normal zones, the maximum diastolic potentials of cells in the border zones and at ice termination sites were significantly reduced. There was no difference between action potential amplitudes and maximum diastolic potentials in the border zones vs the ice termination sites. There was also no statistically significant difference in the action potential durations at 100% repolarization in the normal zones, border zones, or ice termination sites. conduction times were significantly prolonged in the border zone and ice termination site. There was no significant difference in conduction time in the border zones when compared with ice termination sites. When the temperature of the Tyrode perfusate was lowered from 370 to 270 C, conduction slowed in the border zones and ice termination sites to the point of complete block in all 10 preparations studied. An example of cooling-induced slowing of conduction to the point of complete block is shown in figure 10 . As illustrated, there was a 10 mV increase in amplitude in the action potential recorded from ME 2 during cooling from 370 to 320 C over 20 min. Increase in action potential amplitude with cooling over time was not a consistent finding. There was no spontaneous automaticity or phase 4 depolarization in any of the 10 preparations studied and no sustained arrhythmias were induced by the 15-beat pacing protocol used.
Discussion
Gallagher et al.9 '°have used local cooling to 00 C to locate the His bundle and atrioventricular accessory pathways. Scherfl I first used local cooling to temporarily suppress aconitine-induced automatic ventricular tachycardia. He applied a few crystals of aconitine to the epicardial right ventricular surface, which caused ventricular tachycardia within 1 to 2 min. Cooling of the site of application stopped ventricular tachycardia abruptly, but the arrhythmia reappeared within seconds to minutes after termination of cooling, suggesting an automatic origin. Gallagher et al. 12 We have induced ventricular tachycardia by programmed right ventricular stimulation in steroid-pretreated dogs 4 to 8 days after onset of infarction with facilitation of induction by lidocaine. The mechanism of drug facilitation of ventricular tachycardia induction is unknown. In order to rule out the possibility that falling lidocaine levels rather than local cooling stopped the ventricular tachycardia, we used the strict criterion of requiring three terminations of each morphologically distinct ventricular tachycardia at a specific site before labeling it an ice termination site. We have also shown that local epicardial cooling significantly shortened the natural length of programmed stimulation-induced lidocaine-facilitated sustained ventricular tachycardia. Ice mapping study results correlated well with those of electrogram mapping studies in locating the site of maintenance of ventricular tachycardia. Bridging or late diastolic activity was recorded by the composite and local bipolar electrodes from 27 of 31 ice termination sites. Conversely, of 15 ventricular tachycardias without evidence of any epicardial diastole electrical activity during the arrhythmia, local cooling terminated the arrhythmia in only three. In these three instances, either the composite and bipolar electrodes failed to record diastolic electrical activity, or the reentry loop did not involve the epicardium. In two of these three instances, the ice termination area was located over a thin (2 to 3 mm thick) apical myocardium. The depth-of-cooling experiments indicated that 30 to 50 C of cooling could be achieved at the subepicardial depths of 2 to 3 mm, and that 10 to 20 C of cooling could be achieved at the midmyocardial depth of 5 to 7 mm. The magnitude of temperature lowering needed to terminate ventricular tachycardia is unknown. Therefore, in these three instances cooling may have penetrated thin myocardium to interrupt a midmyocardial or subendocardial reentry loop.
We have referred to the site of maintenance rather than site of origin of ventricular tachycardia. If ventricular tachycardia is maintained by slow conduction over a reentrant loop of finite length, then local cooling of any portion of the loop would be expected to terminate the arrhythmia. Thus, the site of origin of a reentry loop, defined as the earliest point of activation before the QRS complex in ventricular tachycardia, 19 20 would not necessarily be the only site at which local cooling could terminate the arrhythmia. In our experiments, local cooling terminated the ventricular tachycardia in areas of epicardium, showing diastolic electrical activity by composite and local close bipolar electrogram mapping. These data suggest that local cooling modified conduction in diastolic portions of the reentry loop responsible for the arrhythmias. The results of this study suggest that ice mapping can be used as a clinical or research tool to locate myocardial sites responsible for maintaining reentry. Ice mapping can be accomplished relatively rapidly, it does not require intraoperative electronic recording devices or electronic expertise, and it can provide physiologic verification of localization of a reentry loop by termination of the ventricular tachycardia before the excision or cryoablation of the suspect muscle area.
In conclusion, we have used a technique of ice mapping to localize the site of maintenance of sustained ventricular tachycardia in dogs 1 week after onset of myocardial infarction. The data presented suggest that the mechanism responsible for ventricular tachycardia in our 4 to 8 day canine infarct preparation is reentry, and that local cooling terminated ventricular tachycardia by slowing or blocking conduction in the reentry loop.
